The three human alleles of apolipoprotein E (APOE) differentially influence outcome after CNS injury and affect one's risk of developing Alzheimer's disease (AD). It remains unclear how ApoE isoforms contribute to various AD-related pathological changes (e.g., amyloid plaques and synaptic and neuron loss). Here, we systematically examined whether apoE isoforms (E2, E3, E4) exhibit differential effects on dendritic spine density and morphology in APOE targeted replacement (TR) mice, which lack AD pathological changes. Using Golgi staining, we found age-dependent effects of APOE4 on spine density in the cortex. The APOE4 TR mice had significantly reduced spine density at three independent time points (4 weeks, 3 months, and 1 year, 27.7% Ϯ 7.4%, 24.4% Ϯ 8.6%, and 55.6% Ϯ 10.5%, respectively) compared with APOE3 TR mice and APOE2 TR mice. Additionally, in APOE4 TR mice, shorter spines were evident compared with other APOE TR mice at 1 year. APOE2 TR mice exhibited longer spines as well as significantly increased apical dendritic arborization in the cortex compared with APOE4 and APOE3 TR mice at 4 weeks. However, there were no differences in spine density across APOE genotypes in hippocampus. These findings demonstrate that apoE isoforms differentially affect dendritic complexity and spine formation, suggesting a role for APOE genotypes not only in acute and chronic brain injuries including AD, but also in normal brain functions.
Introduction
Alzheimer's disease (AD) is characterized by extracellular amyloid ␤ plaques, intracellular hyperphosphorylated tau tangles, inflammation, gliosis, and brain atrophy resulting from synaptic and neuronal loss (DeKosky and Scheff, 1990) . The strongest genetic risk factor for sporadic AD is apolipoprotein E (APOE) whose protein product is responsible for transport of lipids throughout the circulatory system (Herz and Beffert, 2000) . APOE has three common alleles: 2, 3, and 4, which differ from each other by single amino acid substitutions at residues 112 and 158. The 4 allele increases the risk for developing AD (Rebeck et al., 1993; Strittmatter et al., 1993; Yoshizawa et al., 1994) , while the 2 allele decreases this risk (Poirier et al., 1993) . Interestingly, 4 is associated not only with AD, but also with increased cognitive decline in elderly 4 carriers asymptomatic of AD (Plassman et al., 1997) and altered brain metabolism in young cognitively normal adults (Scarmeas et al., 2005; Filippini et al., 2009) . Furthermore, 4 is linked to worse outcomes from CNS injuries including traumatic brain injury (Teasdale et al., 1997) , and may increase risk of cognitive decline in subjects with non-AD dementias (Daniele et al., 2009 ).
The APOE genotype may have a profound influence on the extent of disease-related synaptic deterioration due to its effects on dendritic growth. ApoE3 promotes, while apoE4 reduces, neuritic outgrowth in vitro (Nathan et al., 1994; Bellosta et al., 1995; Teter et al., 1999) . In vivo and in vitro studies have also exhibited a role for apoE4 in reducing neurite sprouting (Buttini et al., 1999; Wang et al., 2005) . Together, these findings led us to hypothesize that apoE4 may impede dendritic outgrowth and decrease the formation of new synapses, thereby contributing to disease development.
To test this hypothesis, we systematically examined the effect of all three apoE isoforms on spine formation in cortical layers II/III and in the dentate gyrus. Using APOE targeted replacement (TR) mice, we found that at all ages, APOE4 TR mice had decreased spine density in cortical neurons compared with APOE2 and APOE3 TR mice but not in dentate gyrus granule cells. Furthermore, APOE2 TR mice had increased dendritic complexity compared with APOE3 and APOE4 TR mice. These results show that APOE isoforms differentially affect neurite and dendritic spine morphologies in vivo, suggesting these effects could modulate normal brain functions as well as reparative functions affecting risk, prognosis, and disease course in many CNS disorders.
Materials and Methods
Mice. Human APOE2, APOE3, and APOE4 TR mice, which express each of the human APOE isoforms regulated by the endogenous murine APOE promoter (Wang et al., 2005) were donated by Dr. Patrick Sullivan (Duke University). Briefly, all three lines of APOE TR mice contain chimeric genes consisting of mouse 5Ј regulatory sequences continuous with the noncoding region (mouse exon 1) followed by human exons (and introns) 2-4 (Sullivan et al., 1997) . Mice were backcrossed to C57BL/6J mice eight times and therefore are Ͼ99.6% C57BL/6J. APOE-deficient mice and C57BL/6J wild-type mice were obtained from The Jackson Laboratory.
Golgi staining and analysis of dendritic morphology in vivo. Golgi staining was performed on APOE2, APOE3, and APOE4 TR mice (4 weeks, 3 months, and 1 year; n ϭ 4 per genotype for each time point), APOE knock-out mice (4 weeks and 3 months; n ϭ 4 mice per genotype for each time point), and wild-type C57BL/6J mice (1 year; n ϭ 4 mice per genotype) For these experiments, we used the FD Rapid Golgi Stain kit (FD NeuroTechnologies) as previously described (Hoe et al., 2009) . Briefly, freshly dissected brains were immersed in solution A and B for 2 weeks at room temperature and transferred into solution C for 24 h at 4°C. The brains were sliced using a Vibratome (VT1000S; Leica) at a thickness of 150 m. Bright-field microscopy (Axioplan 2; Zeiss) images (at 63ϫ magnification) were taken of pyramidal neurons in cortical layers II/III (56 neurons per genotype per time point), granule cells in the dentate gyrus (n ϭ 28 neurons per genotype per time point), and CA1 pyramidal neurons (n ϭ 56 neurons per genotype). Images were coded, and dendritic spines counted in a blinded manner using Neurolucida software (MicroBrightField). All the spines counted were also measured for spine length as previously described (Pak et al., 2001) .
Hippocampal culture. Primary hippocampal neurons from embryonic day 18 (E18)-E19 Sprague Dawley rats were cultured at 150 cells/mm 2 as described previously (Pak et al., 2001) . Primary hippocampal neurons (day in vitro 18) were transfected with GFP and treated with 500 nM recombinant apoE3 or apoE4 (Oxford Biomedical Research) or PBS as control for 48 h. A total of 15 neurons from each group were analyzed.
Scholl analysis. 18 neurons in somatosensory cortical layers II/III were used for each group (APOE2, APOE3, and APOE4 TR mice) as previously described (Hoe et al., 2009) .
Statistical analyses. Scholl analysis and spine density data were analyzed with GraphPad prism 4 software using one-way ANOVA followed by a Bonferroni post hoc test. For spine length data, the KolmogorovSmirnov statistical test was used. Descriptive statistics were displayed as an expressed mean Ϯ SEM, with significance at p Ͻ 0.05.
Results
ApoE4 decreases while apoE3 increases spine density in primary hippocampal neurons ApoE is involved in synapse and spine formation in primary cortical neurons (Brodbeck et al., 2008) . To measure the effects of apoE isoforms, we transfected primary hippocampal neurons with GFP, treated them with purified apoE3, apoE4, or PBS for 48 h, and then analyzed spine density. We found that apoE4 decreased spine density (31 Ϯ 17.1%) and apoE3 increased spine density (82 Ϯ 18.3%) compared with the control (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material), consistent with a recent study (Brodbeck et al., 2008) . We further measured the length of spines from the base of the neck to the furthest point on the spine head (Pak et al., 2001 ). The cumulative distribution of spine length showed a significant shift in spine distribution toward shorter spines for apoE4-treated neurons compared with control and apoE3 treatment (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material). These findings suggest that apoE may play a critical role, not only in determining the appropriate number of spines, but also in spine morphogenesis, and thus synaptic plasticity.
ApoE4 decreases spine density in vivo by 4 weeks of age
Previous studies have uncovered an association between the apoE4 genotype and spine deficits in vivo (Ji et al., 2003; Lanz et al., 2003; Wang et al., 2005) . However, these studies did not compare all three apoE isoforms or examine their effects on dendritic spines in the cortex. To examine this, we initially focused on 4-week-old APOE TR mice, analyzing pyramidal neurons in cortical layers II/III using the rapid Golgi impregnation method. Because spine density may vary within both the dendritic field of a single neuron and between different neurons (Alpár et al., 2006) , the spines of the pyramidal neurons were counted from apical oblique (AO) and basal shaft (BS) dendrites ( Fig. 1 A, B) . The densities of AO, BS, and total (AO ϩ BS) dendritic spines Figure 1 . APOE4 decreases spine density in pyramidal cells in cortical layers II/III at 4 weeks of age. Mouse brains were Golgi stained and cortical layers II/III were imaged (n ϭ 4 mice/genotype). A, Representative Golgi-impregnated neuron. B, Representative AO and BS dendrites per genotype. C-E, Averaged spine densities for each genotype. C, Averaged total spine density, combining AO ϩ BS dendrites (56 dendritic segments/group). D, Averaged spine density for AO spines (28 neurons/group). E, Averaged spine density for BS spines (28 neurons/group). F-H, The cumulative distribution percentage of spine length. APOE2 TR mice had a significant shift in distribution to longer spines compared with other groups ( p Ͻ 0.05, Kolmogorov-Smirnov test). *P Ͻ 0.05.
were significantly decreased in APOE4 TR mice by 24 -30% compared with APOE3 and APOE2 TR mice ( Fig. 1C-E) . APOEdeficient mice also had decreased AO, BS, and total spine densities by 28 -33% compared with APOE3 and APOE2 TR mice ( Fig. 1C-E) . These data show that APOE4 TR mice had reduced cortical dendritic spine density similar to mice lacking apoE at a young age.
Next, we examined the spine length to compare the morphology of individual dendritic spines in all three APOE TR mice and APOE-deficient mice. The cumulative distribution of spine length revealed a significant shift of APOE2 TR mice to longer spines compared with the other APOE TR and APOE-deficient mice ( Fig. 1 F-H ) .
To test whether apoE isoforms differentially affected spine formation in the hippocampus, we analyzed spine density and morphology in granule cells of the dentate gyrus of the hippocampus (Fig. 2 A, B) . The three APOE TR and the APOEdeficient mice did not alter the spine density in the dentate gyrus (Fig. 2C ), nor were there significant morphological shifts in the distribution of spine length (Fig. 2 D) . We also examined the pyramidal cells in the CA1 region of the hippocampus (Fig. 2 E-G) . Again, all three APOE TR and APOE-deficient mice showed similar spine densities for CA1 neurons, suggesting that the impact of APOE on spine formation may vary across brain regions.
ApoE4 further reduces spine density in the cortex at 1 year To examine whether the effect of apoE isoforms on spine formation was age dependent, we measured the spine density from all three APOE TR mice at 3 months and 1 year. Consistent with our observations at 4 weeks, APOE4 TR mice had decreased spine density at 3 months and a trend toward an even greater decrease at 1 year compared with APOE3 TR mice (Fig. 3 A, E) (24.4 Ϯ 8.8% and 55.6 Ϯ 10.5%, respectively). APOE2 TR mice showed similar spine densities to APOE3 TR mice at both ages (Fig. 3A- 
C,E-G).
For the spine morphology, we found that there are no significant differences in spine length distribution across groups at 3 months (Fig. 3D) . However, APOE4 TR mice had significantly shorter spines compared with the other APOE TR mice at 1 year of age (Fig. 3H ) , consistent with our in vitro findings (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Overall, these data suggest that the effect of apoE4 on spine formation may increase with aging in the cortex.
We also tested whether apoE4 affected the spine density and morphology in the hippocampus with aging. We observed that all three APOE TR mice had similar spine densities at 3 months and 1 year for the dentate gyrus (Fig. 3 I, K ) . We also found that there was no significant shift in distribution for spine length from all three APOE TR mice at 3 months (Fig. 3J ) . However, APOE2 TR mice had a significant shift in distribution to shorter spines in the dentate gyrus compared with APOE3 and APOE4 TR mice at 1 year (Fig. 3L) .
In summary, a comparison in cortical spine density for all three APOE TR mice over time (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material) shows that by 4 weeks of age, APOE4 TR mice have a 27.7 Ϯ 7.4% decrease in spine density compared with APOE3 TR mice. By 1 year, ApoE4 TR mice had a further decrease in spine density by 55.6 Ϯ 10.5% compared with APOE3 TR mice (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). This suggests an increasing trend of APOE4 effects on pyramidal spines in cortical layer II/III with aging. However, all three APOE TR mice had similar spine densities over time in the dentate gyrus (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material).
ApoE4 decreases dendritic arborization in cortical neurons at 4 weeks
ApoE3 increases dendritic arborization, while apoE4 decreases dendritic arborization in vitro (Nathan et al., 1994) . We tested whether similar results were found in vivo. We used the Neurolucida software to trace dendrites of Golgi-stained pyramidal neurons in layers II/III of the somatosensory cortex at 4 weeks of age (Fig. 4 A) . Quantitative analysis revealed that apoE isoforms significantly affected elaboration of apical dendrites but not basal dendrites of these neurons. Apical branching was significantly increased in APOE2 TR mice compared with APOE3 (25.5 Ϯ 14.5%) and APOE4 (39.8 Ϯ 11.7%) TR mice (Fig. 4 B) . Furthermore, total apical dendritic length was significantly decreased in APOE4 compared with APOE2 TR mice (Fig. 4C) . Scholl analysis did not reveal a difference in the complexity of apical dendrites between APOE3 and APOE4 TR mice. However, we observed that APOE3 TR mice had significantly decreased apical branching at proximal distances from the soma, whereas APOE4 TR mice had significantly decreased apical branching distally from the soma (Fig. 4 D) . 
Discussion
In the present study, we defined a physiological effect of apoE isoforms on spine formation in vivo. We demonstrate that APOE4 TR mice have reduced spine density and dendritic arborization in layer II/III of the cortex compared with APOE2 and APOE3 TR mice. We observed this deficit in three independent cohorts of mice at different ages (4 weeks, 3 months, and 1 year). These data suggest that apoE isoforms differentially affect spine formation and maintenance.
The effect of apoE isoforms on spine formation in vitro and in vivo
Several studies have suggested that apoE may play an important role in promoting synapse formation and synaptic plasticity (Nathan et al., 1994; Teter et al., 1999) . Indeed, we and others have found that apoE4 decreased spine density compared with apoE3 in primary neurons (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (Brodbeck et al., 2008) . Additionally, we and others have examined the effect of apoE4 on spine formation in vivo (Ji et al., 2003; Wang et al., 2005) . We found that APOE4 TR mice have decreased spine density compared with APOE2 and APOE3 TR mice in the cortex at three different ages (Figs. 1, 3) . APOE4 TR mice also have significantly reduced spine density compared with APOE3 TR mice in the amygdala at 7 months of age (Wang et al., 2005) . Transgenic hAPP mice crossed with hAPOE2-overexpressing mice exhibit increased dendritic spine density in CA1 neurons (Lanz et al., 2003) . Furthermore, APOE4 transgenic mice (under control of the GFAP promoter) have reduced spine density at 12 months and 24 months but not at 3 weeks compared with APOE3 trans- Figure 3 . ApoE4 further reduces spine density in the cortex at 1 year. A, Averaged total spine density (56 neurons/group). B, Averaged AO spine density (28 neurons/group). C, Averaged BS spine density (28 neurons/group). *p Ͻ 0.05 compared with APOE3. D, Cumulative distribution of spine length. E-G, Mouse brains were Golgi stained and cortical layers II/III imaged at 1 year of age (n ϭ 4 mice/genotype). E, Averaged data include total spine density (56 neurons/genotype). F, Averaged data include AO spine density (28 neurons/genotype). G, Averaged data include BS spine density (28 neurons/genotype). *p Ͻ 0.05 compared with APOE3. H, Cumulative percentage distribution of spine length. APOE4 TR mice had a significant shift in distribution toward smaller spines compared with the other APOE TR (E3, E2) mice at 1 year of age. I, J, Mouse brains were Golgi stained and granule cells in the dentate gyrus were imaged at 3 months (n ϭ 4). I, Averaged total spine density for all genotypes (28 neurons/group). J, Cumulative percentage distribution of spine length. K, L, Mouse brains were Golgi stained and granule cells in the dentate gyrus were imaged at 1 year (n ϭ 4). K, Averaged total spine density (28 neurons/group). L, Cumulative percentage distribution for spine length. APOE2 TR had a significant shift in distribution toward shorter spines compared with APOE (E3, E4) TR mice. genic mice in the dentate gyrus (Ji et al., 2003) . We found no difference in spine density across all three APOE genotypes in the dentate gyrus, at all ages, or in the CA1 region at 4 weeks (Figs. 2, . This discrepancy may be partially due to varying apoE levels found in the animal models used. For instance, we used APOE4 TR mice, which exhibit reduced brain apoE levels compared with APOE2 TR and APOE3 TR mice (Riddell et al., 2008) , while Ji et al. (2003) used GFAP-APOE3 and GFAP-APOE4 mice, which express equal levels of apoE. Additionally, apoE protein levels are higher in the hippocampus compared with cortex regardless of APOE genotype for the APOE TR mice (Riddell et al., 2008; Sullivan et al., 2009) . The decreased baseline apoE levels in the cortex compared with the hippocampus for APOE4 TR mice may account for the differential effects we observe in these brain regions. It is also possible that there is a discrepancy in expression levels of apoE receptors, which are implicated in synaptic plasticity, in the hippocampus versus the cortex (Qiu et al., 2006) . Finally, we cannot completely exclude the possibility that the discrepancy may be due to technical issues. Since neurons in hippocampus are more densely packed than those in cortex, imaged dendrites were more distal from the soma than those imaged in cortex.
We are the first to analyze spine morphology by examining spine length across all APOE genotypes in vivo. We found a variation in cortical layers II/III across genotypes at three different time points. Interestingly, APOE2 TR mice had a significant distribution shift toward longer spines in the cortex at 4 weeks of age compared with the other APOE TR mice. This difference was not evident at later time points, suggesting a role for apoE2 in the early development of spines. Conversely, APOE4 TR mice had a significant distribution shift toward shorter spines compared with APOE3 and APOE2 TR mice at 1 year. This was not observed at earlier time points, suggesting that apoE4's detrimental effects on spine morphology and spine density in the cortex may build over time.
How do apoE isoforms differentially regulate spine density? ApoE binds to a family of low-density lipoprotein receptors, which are involved in neurite outgrowth and long-term potentiation (Qiu et al., 2006) . A recent study found differences in intracellular signaling cascades in all three APOE TR mice, suggesting that this may result from their differential binding affinities to this family of receptors (Korwek et al., 2009) . Another explanation could be that the apoE4 is deficient in providing neurons with high-density lipid particles, which are necessary for dendritic spine remodeling and the formation of mature synapses. (Mauch et al., 2001 ).
The effect of apoE isoforms on neurite development
In previous studies, apoE4 decreased dendritic length and arborization compared with apoE3 in vitro (Nathan et al., 1994; Teter et al., 1999) . However, we did not observe a significant difference in dendritic complexity between APOE3 and APOE4 TR mice, although some difference was noted. This may be due to several factors such as age and brain region examined. For example, we compared neurite arborization in APOE TR mice in the somatosensory cortical layer II/III at 4 weeks compared with the amygdala at 7 months in a previous study (Wang et al., 2005) . Interestingly, we observed that APOE3 and APOE4 TR mice have decreased apical branching compared with APOE2 TR mice (Fig. 4) . Moreover, APOE4 TR mice have decreased apical dendritic length compared with APOE2 TR mice (Fig. 4) . However, we did not observe a significant difference in basal dendrites across all genotypes. Similarly, there were alterations in apical but not basal dendritic morphology compared with controls in a transgenic AD mouse model (Alpár et al., 2006) . This could be related to the fact that basal dendrites have less complexity than apical dendrites (Henze et al., 1996) . . ApoE4 decreases dendritic arborization in cortical neurons at 4 weeks. A, Three-dimensional graphical tracing representing dendrite morphology. The number of apical and basal dendrites was measured in micrometers, and the number of apical and basal nodes was counted. B, Averaged data include the node (branch) number for apical and basal dendrites for the three genotypes, analyzing 18 neurons per group. APOE2 mice had increased branching compared with APOE3 (25.5 Ϯ 14.5%) and APOE4 (39.8 Ϯ 11.7%). C, Averaged total dendritic length for apical and basal dendrites for the three genotypes, analyzing 18 neurons per group. APOE2 mice had significantly increased length (29.6 Ϯ 9.6) compared with APOE4 TR mice. *p Ͻ 0.05, **p Ͻ 0.01. D, Using Scholl analysis, we graphed the average intersections per shell per neuron against the distance from the soma (in micrometers).
a p Ͻ 0.05 for APOE3 versus APOE2. b p Ͻ 0.05 for APOE4 versus APOE2.
Conclusion
In conclusion, this study is the first to demonstrate that apoE isoforms have a differential regulatory effect on dendritic complexity and spine formation in cortical neurons. APOE4 TR mice have reduced apical arborization compared with APOE2 TR mice. Additionally, APOE4 TR mice have reduced spine density compared with APOE2 and APOE3 TR mice. This reduction in spine density for APOE4 TR mice increases over time, with significantly smaller spines than the other APOE TR mice at 1 year. These data may inform both normal brain functions of apoE and differential reparative responses, dependent on ApoE isoform, to acute and chronic brain injuries, including AD.
